Introduction
Despite many assessments of the immediate erosional and hydrological impacts of rainforest logging and replacement land uses (for reviews see Anderson and Spencer, 1991; Douglas, 1999) , few have addressed longer term recovery or sediment source and delivery issues linking slope and catchment scales. Furthermore, long-term studies in the humid tropics are sparse (those of Larsen et al. (1999) in Puerto Rico and Malmer (2004) in southeastern Sabah being notable exceptions). This chapter synthesizes results of a 15-year study assessing changes in slope and catchment erosion and sediment sources within a small catchment in Sabah that was selectively logged using a combination of tractor and high-lead logging techniques between December 1988 and June 1989 and then left to regenerate naturally. Comparisons are drawn with data on slope erosion rates and sediment sources in adjacent primary forest catchments.
Study Area
The study area lies in the Segama catchment in eastern Sabah, Borneo ( Fig. 23.1A ). Study catchments and erosion monitoring sites are located close to the Danum Valley Field Centre (4°58′N, 117°48′E) in regenerating forest selectively logged in [1988] [1989] and in primary rain forest of the Danum Valley Conservation Area (DVCA) (Fig. 23.1B) . The DVCA is a 438 km 2 area of undisturbed lowland dipterocarp rain forest that, together with the Maliau Basin Conservation Area farther west, is nested within a large forest area under rotational selective logging management by the Sabah Foundation ( Fig. 23.1A) .
The climate at Danum is equatorial (Walsh and Newbery, 1999) . Mean annual temperature (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) is 26.8°C, with annual and diurnal ranges of 1.8°C and 8.6°C respectively. Mean annual rainfall (July 1985 -June 2004 is 2829 mm, with monthly means ranging from 158 mm (April) to 313 mm (January). Highest rainfall tends to occur following the equinoxes (May-June and October-November) and during the northerly monsoon months of December-January. There are on average each year 218 days with rain and 9.3 and 0.9 days with at least 50 mm and 100 mm respectively. The highest recorded fall to date is 177.4 mm on 29 March 1988.
The geology of the study area mostly comprises rocks of the Kuamut Formation, which consists of a melange of slumped sedimentary and volcanic rocks with interbedded sandstone, mudstone and tuffs, known collectively as slump breccia (Leong, 1974; Marsh and Greer, 1992). The topography of the study area is hilly (130-260 m in altitude) and finely dissected with a drainage density (derived by field mapping) of 20-22 km/km 2 . Maximum slope angles range from 10°to 30°. The soils developed on the Kuamut Formation belong to the Bang Association (Wright, 1975) and classify as Ultisols in the USDA system and Acrisol-Alisol groups in the FAO classification (FAO/UNESCO, 1990). In the study area, loams and sandy loams predominate (Chappell et al., 1999a) , but sandy loams occur on some steeper slopes (Clarke, 2002) . Depths are generally at least 1.5 m, but often much deeper.
Research Design and Methods

Catchment erosion
Changes in catchment sediment yield during and following selective logging were assessed by monitoring the flow and sediment transport of two small instrumented catchments ( Fig. 23.1B ) from mid-1988 to 2003. The Baru catchment (area 0.44 km 2 ) was monitored while still primary forest, during the various phases of selective logging operations from December 1988 to June 1989 and then through post-logging time; the West (or W8S5) catchment (area 1.7 km 2 ) remained under primary forest throughout. River stage was recorded continuously using water level recorders (later linked to data loggers); rating curves were used to convert stage data to flows . Suspended sediment was sampled using flood-activated automatic water samplers. The Baru monitoring system was upgraded and extended in 1995 (Chappell et al., 1999b) by installing V-notch weirs, Partech IR15C turbidity sensors and data loggers at the main catchment site, on the principal tributaries (West, Middle and East), on a rutted gully at Site 4 and on headwater ephemeral channels at Sites 3, 5 and 6 ( Fig. 23.1C ). This withincatchment network operated from July 1995 to June 1996; records since were maintained only at the main site. Fig. 23 .1B) to assess soil pipe hydrology and sediment transport (Sayer et al., 2004, in press ) and on the Segama River at Danum (catchment area 721 km 2 ), monitored since 1985 .
Slope and channel erosion
Slope and channel erosion has been measured since 1990 at networks of sites within the 1988-1989 selectively logged catchment and adjacent area ( Fig. 23.1C ) and primary forest close to the West catchment ( Fig. 23.1B) . Erosion was assessed primarily by periodic (6-monthly or yearly) remeasurement of ground level at a series of points across slope (or gully) transect between two permanent stakes using an erosion bridge (a type of microprofiler) (Shakesby et al., 1991; Shakesby, 1993) , simple wooden bar or stretched tape as the datum line. These methods avoid problems of interference with the natural movement of soil or sediment associated with erosion pins or stakes. Erosion bridges with spans of 1.1 m (37 points, 25 mm apart), 2.7 m (up to 27 points, 100 mm apart) and 3.0 m width (up to 28 points, 100 mm apart) were used. The wooden bar and stretched tape methods were used for very wide and deeply gullied cross-sections. In the primary forest, 29 erosion bridge and erosion bar transects were established in June 1990 on slopes and ephemeral channel heads in the W3 area of the DVCA (Fig. 23.1B) . In 1997-1998 an additional 50 erosion bridge transects, arranged down seven slope profiles, were established in areas of steeper relief (15-25°and 25-32°maximum slope angle) at sites SS and RR (Fig. 23.1B ).
In the logged forest, the aim was to assess erosion of different elements of the post-logging regenerating forest mosaic. This comprises (in addition to intact and lightly disturbed forest fragments): (i) heavily disturbed terrain (including heavily compacted log-landing areas); (ii) skid trails (tracks made by tractors, called 'skidders', when dragging individual logs to the logging roads); (iii) unsurfaced feeder (or spur) and surfaced main logging roads; and (iv) landslides and their scars. Over 20 transects were installed in 1990, focusing on a log-landing area with incipient gullies at Site 5 in the Baru catchment; and a skid trail and a deeply rutted, unsurfaced feeder road at Site P. The principal aim was to assess whether incipient gullies developed in different situations during logging enlarged or infilled as forest regeneration proceeded. An additional 32 transects were installed in the Baru catchment in 1994-1995. These included five along a gullied unsurfaced feeder road and two on skid trails at Site 4; eight on heavily disturbed slopes at Sites 5 and 6; three on the scar of a road-related landslip of December 1994 at Site 6; and 14 channel cross-sections. In 1997-1998, six transects were established on steep, moderately logged slopes at Site 5 and 10 at two heavily compacted and still (8 years post-logging) unvegetated locations at the GPS and OP sites (Fig. 23.1C ).
Results and Analysis Rainfall 1988-2003
Rainfall during the study (Table 23 .1) was particularly high in 1989, 1994-1996 and 1999-2003 and low during the ENSO drought events of 1991-1993 and 1997-1998 
Erosion at catchment and sub-catchment scales
In the selectively logged Baru catchment, sediment yield (Table 23 . 2) A second peak in sediment yield of 592 t/km 2 /year occurred in 1995-1996, 40% of which was accounted for by the single extreme event of 19 January 1996, following a rainstorm of 162.5 mm. Within the catchment (Table 23. 3), yields were twice as high (1467 t/km 2 /year) in East Tributary (affected by landsliding in the event) than in Middle Tributary and four times as high as in West Tributary (unaffected by landslides and little affected by the main logging road) ( Fig. 23.1C ). The proportion of annual load transported in the January storm was also much lower for the West Tributary (15.6%) than for the other two sub-catchments (41.0 and 49.2%).
Sediment yields declined for a second time since 1995-1996 and in 2003 monthly yields (Table 23 .4) and peak suspended sediment concentrations (SSCs) in storm events ( et al., 1999, 2004) . For locations see Fig. 23 .1C.
in erosion rate were linked to revegetation at some sites, but to formation of protective stone lags at other sites where revegetation was slow. Rises in ground level since 1999 may be due to two factors: re-expansion of compacted soil aided by revegetation and soil faunal activity; and soil expansion in the very wet weather of 1999-2002. The shorter record for high-angle (> 25°) heavily disturbed terrain indicates very high erosion in the 19 January 1996 extreme storm, but lower rates since. In contrast, unsurfaced logging roads have remained important sediment sources. The two monitored rutted gully systems at Site 4 and Site P show similar patterns. Whereas gullied ruts in upper sections of systems tended to stabilize or infill with progressive revegetation of the roads and adjacent contributing slopes and reductions in magnitudes and erosional effectiveness of overland flow, erosion became concentrated in lower 'waterfall' sections where road runoff descended steep road embankments to the pre-logging stream network. Thus at Site 4 in the Baru catchment, such a waterfall retreated via slot erosion over 6 m between 1995 and 2000. Vertical incision at Transect 4-6 (Fig. 23.3 ) totalled 20 cm between February 1995 and April 1998, but was followed by around 40 cm in 1998-1999 and over 1.6 m in 1999-2000 as headward erosion of the waterfall reached the cross-section. In total, the site has contributed around 30 m 3 (over 30 t) of sediment to the Baru system since 1995, an amount that is much higher than the annual load of 0.126 t of 1995-1996 from the same road gully upstream (Table 23 .4). Sediment from the waterfall site is currently (2000) (2001) (2002) (2003) (2004) being stored behind a debris dam a short distance downstream. At Site P, headward erosion of 5 m and vertical incision of over 2 m was recorded between 1990 and 1996, but rates have since slowed considerably. Although there was some landsliding in 1989-1990 during and immediately after logging, landslides, and subsequently their scars and toe deposits, became a major sediment source in the Baru catchment since 1994 and were largely responsible for the second sediment yield peak recorded in 1995-1996 (Table 23 .2). The first major landslide occurred on 14 December 1994 at Site 6 (where there had been some previous activity in [1989] [1990] . Another 10 landslides were recorded along the same surfaced logging road (Fig. 23.1C ) during the 162.5 mm rainstorm of 19 January 1996. Mechanisms involved include: (i) bridge collapse with the decay of the logs from which they are constructed; (ii) the failure of artificially steep embankment slopes downslope of roads; (iii) interference to drainage from upslope (especially when culverts become blocked); and (iv) undermining of the strength of road material by pipe development. Most of these mechanisms require time after cessation of logging to develop and this may explain why they did not occur until over 5 years after logging.
The sequence of events and consequences for downstream sediment movement of two of these landslides in the headwaters of the East Tributary are summarized in Table 23 .6 and Fig. 23 .4. Although both landslides led to major immediate sediment inputs to and downstream pulses of sediment along East Tributary and the Baru, much material from the first landslide was stored as a debris dam and channel and valley fill. In the January 1996 event, the 1994 debris dam burst and there was significant gullying of the 1994 landslide scar, as shown by Transect 6-11 (Fig. 23.3) . Much of this material (and that of subsequent events) was deposited as a 10-20 cm basal deposit in a temporary 80 m 2 lake that formed behind a dam created by the second landslide earlier in the rainstorm event. Although landslide scar erosion tends to decline with revegetation after the first 2 years, gullying and re-excavation of channels can continue episodically for much longer. Thus re-excavation of the pre-landslide ephemeral channel at Transect 6-11 (Fig. 23.4) was still episodically occurring 6-10 years after the 1994 landslide, with massive enlargement in the January 2000 event ( Fig. 23.3 ) and also subsequently, with erosion of one of the fixed stakes in 2003. The importance of landslides is demonstrated by the fact that the sub-catchment (East Tributary) containing them contributed 25.8% of the 1995-1996 annual suspended sediment yield of the Baru, despite occupying only 10.4% of the surface area (Table 23. 3). Thus the two landslips not only provided sediment direct to stream channels during the event itself, but also acted as important sediment regulators and sources during succeeding years.
Erosion rates and sediment sources in the primary forest
Natural rates of catchment erosion in the Danum area are high for a rainforest environment, a fact linked by Douglas et al. (1992) to the erodible geology and silt-loam soils. Slopewash rates at the long-term erosion bridge sites (Table 23 .5) averaged 0.36 mm/a (314 t/km 2 / year) over the 12.5-year period June 1990-December 2002. This rate is much higher than the 24 t/km 2 /year value recorded using an unbounded erosion plot on an undisturbed forest slope at Site 3 in the Baru catchment in 1995-1996 (Table 23. 3; Chappell et al., 1999b) . This is in part because the unbounded plot record missed much of the January 1996 storm event because of burial of the turbidity sensor by sediment and leaves, whereas the erosion bridge record indicated the event to have been the most erosive in the entire 12.5-year record (Table 23 .5). It may also reflect, however, a bias towards eroding sites in the bridge network through a lack of slope-base sites. Table 23 .6 for the sequence of events.
The rather high slopewash rates may be linked to overland flow occurrence in the Danum area.
Evidence from networks of simple overland flow recorders (Clarke, 2002; Sayer et al., 2004) and rainfall simulations , when added to previous runoff plot results Chappell et al., 1999b) , indicate that overland flow (albeit only 2-5% of rainfall) is more widespread and frequent at Danum than formerly thought. Measured saturated hydraulic conductivities for Danum surface soil horizons are considerably higher than storm rainfall intensities (Chappell et al., 1998) and the depth and storage capacity of upper permeable soil suggest that widespread saturation overland flow is unlikely. The reason for limited but widespread overland flow may be a degree of surface impermeability produced by the lower, decaying component of leaf litter and/or the surface fine root mat (which permeameter experiments tend to miss). This would explain why Hortonian overland flow was produced by rainfall simulation experiments , as they involved minimal disturbance to the surface. Current research at Danum indicates the importance of pipeflow as a storm runoff process and pipe erosion as a sediment source. A single pipe, for example, was found to contribute around 47% of stream discharge and 22% (43 t/km 2 /year) of the sediment yield (200 t/km 2 /year) of the largely ephemeral W3 stream over 16 months of monitoring between December 2002 and July 2004 (see also Sayer et al., 2004, in press) . As the W3 catchment also received considerable sediment from unmonitored pipes, the contribution from pipe erosion is likely to be much higher. The efficacy of pipe erosion was also demonstrated by around 2 m retreat of the channel head and roof collapse of a downstream piped section of a mainly pipe-fed ephemeral channel in undisturbed forest at Site 3 in the Baru catchment during 2003-2004. Evidence presented elsewhere (Spencer et al., 1990; Douglas et al., 1999) demonstrated the importance of debris dams, channel banks and landslides as important, but temporally highly variant sources and regulators of sediment transport on the West Stream. The result is that suspended sediment responses to similarsized rainstorms vary considerably depending on antecedent rainfall and discharge patterns, whether a landslide occurs or has recently occurred, and whether debris dams are in a decaying or constructional phase upstream. Whereas the most extreme events, including the 19 January 1996 storm, have been recorded as clearing the channel upstream of existing debris dams , lesser events are more varied in their suspended sediment response. Thus in storm responses of West Stream in January-June 2003, the highest SSC of 4492 mg/l was recorded in a relatively modest event (peak stage 89 cm), whereas peak concentrations in the eight larger hydrographs with peak stages of 92-135 cm varied from 293 to 2147 mg/l.
Synthesis
Several points emerge from the results. First, it is clear that the impacts of selective logging are more complex and longer-term than previously thought. The temporal patterns of erosion recorded by the erosion bridge network for the various elements of the post-logging mosaic, when combined with the long-term Baru and 1995-1996 multi-scale catchment record, suggest a multi-phase model of erosional impact and recovery involving changes in both the spatial pattern and relative importance of sediment sources (Table 23 .7). Some sources (skid trails, heavily disturbed terrain including log-landings, and gullies along unsurfaced logging roads) associated with the main erosional peak immediately after logging decline in importance with revegetation of terrain and a degree of sediment exhaustion and surface armouring where vegetation is slow to recover. Incipient gullies tend to stabilize or aggrade, except where gullies connect via steep sections (e.g. road embankments or lower convexities of slopes) to the pre-existing stream network, leading to the creation of retreating knickpoints or waterfall sections (as at Site 4 and Site P).
The second peak in erosion and sediment transport in the Baru catchment in 1995-1996 over 6 years after logging ceased saw a switch in relative importance of sources to road-linked landsliding, landslide scars, rejuvenated sections of road gullies as well as debris dam bursts and re-excavation of valley fill. Because landslides occurred mainly in the southeast of the catchment, where the main logging road cuts across the middle of a slope, this phase also saw a spatial switch of sources to the East sub-catchment. Although linked to extreme rainstorms, the underlying reason why the enhanced landslide activity -and to some extent debris dam bursts -did not occur sooner after logging is biogenic; it takes time for logs in bridges, culverts and in logging-enhanced debris dams to decay sufficiently for landslides Whether the current situation represents a return to pre-logging conditions is unclear. Although peak SSCs in the Baru catchment in February-September 2003 were close to or lower than those recorded in the primary forest West Stream, one should await results from more extreme storms (exceeding 100 mm/ day) than those so far included. Sediment loads in the January 1996 event were disproportionately high in the East and Middle Tributaries (more affected by landsliding) than in the West Tributary (unaffected by post-logging landslides) or a primary catchment. The recovery of the Baru has been described by Douglas et al. (1999) as a punctuated equilibrium, in which occasional large events interrupt quiescent periods (such as much of 1991-1994) by setting off new pulses of sediment movement; FebruarySeptember 2003 may be part of one such quiescent period. The continued marked erosion at the 1994 landslide scar and the current storage of sediment from the actively eroding Site 4 knickpoint behind a new debris dam on West Tributary suggest that a new sediment pulse may be initiated by future extreme events.
Conclusions
1. The impact which selective logging has on slope erosion and sediment transport is longer term and more complex than formerly thought. A second phase of enhanced erosion 5-12 years after logging is identified, associated with biological decay of logs: (i) in bridges and culverts along a logging road section aligned along the contour in a mid-slope position; and (ii) in debris dams within the stream system; this leads to road-linked landslides and debris dam bursts in extreme events. 2. The spatial distribution and sources of sediment change with time since logging, with the early sources (skid trails, rutted unsurfaced roads and heavily disturbed terrain) being replaced in the later phase by landslides, landslide scars, knickpoints along road drainage gullies and re-excavation of valley and channel fill. 3. Extreme events play enhanced roles in the sediment budgets of logged catchments compared with those in primary forest. 4. Soil pipes are major sediment sources for primary forest streams in the study area. 5. Erosional impacts of selective logging can be reduced significantly by: (i) avoiding aligning logging roads across the middle of slopes; (ii) selective destruction of bridges and culverts (sites of potential landslides) at the end of logging operations; and (iii) avoiding creation of steep road drain sections down road embankments.
